Abstract: Ab initio SCF-MO calculations were carried out for the molecule N-formylglycine dithio acid using STO-3G and 3-21G basis sets. Structures and energies of several conformations of this molecule determined by gradient geometry refinement are reported, and some conformationally dependent local geometry trends discussed. For conformations involving rotational isomerism about the NH-CH2 and CH,-C(=S) single bonds, the 3-21G results reveal the presence of three conformational states. These conformers are strikingly similar to those determined for glycine dithio esters by X-ray crystallographic and vibrational spectroscopic analyses. One conformer has a small NH-CH2-C-S(thi,,l, torsional angle and close N-to-S(thiol) atom contact. The calculations provide a description of this N . 4 nonbonded interaction which has implications for the structure and reactivity of enzyme-substrate complexes which incorporate a similar contact. However, no evidence is found for favorable N-to-S(,hi,,,,) interactions for the conformer which has a small NH-CH2-C=S torsional angle.
for the C C bond rotations in the allyl cation33 and 1,1,2-trimethylallyl cation,34 34.9 and 11.7 kcal/mol, respectively, indicate that the conjugative overlap between the *-electrons and the vacant boron p-orbital in the vinylboranes is significantly smaller. Table V summarizes the computed geometries and chemical shifts for methyl-substituted vinylboranes. The introduction of the second methyl group in 12 strongly affects the chemical shift of the vinylic @-carbon, which is shielded by more than 10 ppm with respect to the monomethyl derivative 6. However, the 6 I3C chemical shift computed for C, of 12, 146.6 ppm, still shows an unusually large deviation from the experimental value (1 35.8 ppm). Obviously, 6 I3C, is rather susceptible to perturbations of the *-electron distribution induced by substituents. E.g., attachment of an alkyl substituent to the @-carbon results in a downfield shift for 6 I3C; see 7 in Table IV 
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Conclusions
The barrier for the [1, 3] sigmatropic boron shift in dialkylallylboranes is reasonably well-described by theory, but the alkyl groups on boron have an important influence. The parent allylborane would be expected to have greater fluxional character (with a barrier less than 2 kcal/mol). Cyclic isomers with nonclassical structures (e.g., 2) may actually be favored.
A comparison of other chemically relevant C3BH7 isomers to their isoelectronic C4H7+ counterparts generally reveals the same structural influences to be important for both classes of compounds. However, the electronic effects are larger in magnitude for the carbocations, as reflected in a higher inversion barrier for the bicyclobutonium ion and the higher rotation barrier for the cyclopropylcarbinyl cation (relative to their boron counterparts).
The N M R chemical shifts we predicted at an adequate level of sophistication (IGLO TZP basis set for MP2/6-31G* geometries) should be reliable. Comparison with experimentally accessible derivatives usually gives a good agreement of theory and experiment. One exception is the "C chemical shift of the vinylic @-carbon in vinylboranes which proves to be very sensitive to the influence of directly bound and remote substituents.
Introduction
Resonance Raman (RR) spectroscopy can provide the vibrational spectrum associated with the bonds undergoing catalytic transformation in enzymesubstrate complexes of the type RC-(==O)NHCHR'C(+3)S-enzyme, where the enzyme is a member of the cysteine protease For this kind of reaction intermediate, the chromophore used to generate the RR spectrum is based on the dithio group, -C(=S)S-.
Obtaining the maximum amount of chemical information from the RR data 'Author to whom correspondence should be addressed. 'The University Chemical Department. *National Research Council of Canada.
requires a detailed knowledge of the interrelationship between RR spectral features and conformational states within the -C(= O)NHCHR'C(=S)SCH2-moiety. Thus, conformational analysis of model compounds, e.g., glycine-based (R'= H) dithio esters and acids, and the setting up of spectra-structure correlations has gone hand in hand with RR studies of the enzyme complexes. Conformational analysis of the "model" dithio esters has been undertaken with use of IR, Raman, and RR vibrational 
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0002-7863/9 1 / 15 13-247 1 %02.50/0 0 199 1 American Chemical Society spcctroscopic techniq~es.~.~ In addition, combined Raman and X-ray crystallographic studies of single crystals of selected glycine dithio have provided detailed starting points for correlating R R spectra and structure.
For N-acylglycine dithio csters the spectrastructure correlations generated for the model compounds provide a good basis for interpreting the R R spcctra of the corresponding ,V-acylglycine dithioacyl enzymes. It was found9-I2 that the conformation of the bound substrate is in a so-called B state in which, as a consequence of a small (-20') NH-CH2-C-S~thiol) torsional angle, the Y and S(,hiol) atoms are in close contact. However, there remain a number of discrepancies between the enzyme-substrate RR spectra and the spectra of corresponding model compounds which can only be understood if a more detailed theoretical analysis is undertaken. In addition, the chemistry of the ?%*S((hid) contact found in the active site, and in €3 conformers of model compounds, has never bcen described at the quantum mechanical level. More recently, the conformational properties of N-acylalanine dithioacyl enzymes, RC(=O)U HC H (C 1-l 3)C (=S)S-papain. have been shown to bc quite different from those of glycine ~ntermediates.'~.'~ The existence of these non-€3-type acyl conformers restarts questions as to the effect, if any, of the N--S(rhiol) contact on the kinetic properties of glycine-based dithioacyl papains whose acyl groups are in the €3 conformation.
The present work explores the use of ab initio SCF methodology to define the conformational states of HC(=O)NHCH2C(= S)SH. Recently, systematic ab initio SCF-MO calculations on sulfur-or oxygen-and nitrogen-containing demonstrated the reliability of such a type of studies to perform conformational analysis and to determine equilibrium geometries, electric dipole moments, charge distribqtions, and relative energies. twice the number of basis functions per atom (2 for hydrogen, 9 for carbon, nitrogen, and oxygen, and 13 for sulfur vs 1.5 and 9 basis functions, rcspcctively, for the minimal set). Thus, it allows a good compromise between the quality of results and computer time requiremen ts.
For the molecule discussed here, HC(=O)NHCH,C(=S)SH, the results using the 3-21G basis set show remarkable agreement with the conformational properties delineated by using vibrational spectroscopic and crystallographic analysis of related dithio esters. The ab initio approach correctly predicts the existence of A-and H-type conformers ( Figure I ), which have been detected by crystallographic studies on a number of N-acylglycine dithio
The calculations also confirm the existence of a Cs-type conformer ( Figure I ), which has been postulated on the basis of FTIR analysis.' For the B-type conformer, the insight provided by the ab initio calculations into the N*-S((hid) contact is important since, as discussed in detail in ref 26, this interaction may indeed modulate the rate constant for deacylation of acylpapains involving glycine-based acyl groups.l2
Computational Methods
The ab initio SCF-MO calculations were carried out with the minimal STO-3G and split valence 3-21G basis sets22-25 with the GAUSSIAN 82 program system?' running on a VAX 8530 computer. The STO-3G basis size of the basis set, these calculations allowed us to undertake the main body of calculations, carried out by using the larger 3-21G basis set, within restricted regions of the molecular configurational space. This allowed the computational time to be kept within tractable bounds.
The STO-3G potential energy surface mapping was performed by varying systematically the C-N-C-C and N-C-C-S dihedral angles and performing full geometry optimization for each combination of these angles. As our previous studies on simple dithio acids and dithio e~t e r s '~* '~J~ demonstrated, a s-cis S=C-S-R (R = H or alkyl) conformer is always more stable than s-trans by more than 12 kJ mol-'. Therefore, the conformation about the C-S bond was fixed in the s-cis form in all calculations. In addition, a s-cis O=C-N-C axis is always given as input data for geometry optimization as s-trans O=C-N-C axes are rare exceptions in peptide bonds (the experimental value for AE(s-trans)-(s-cis) is = l O kJ mol-' 30,31).
Despite these restrictions, the STO-3G calculations gave rise to seven different "conformers" (Figure 3) , five of these corresponding to degenerate conformational states, which increase the total number of energy minima to 12. The two nondegenerate forms are planar (C, point group) with 0-C-N-C, C-N-C-C, and S=C-C-N dihedral angles equal to (O.Oo, 180.0°, 0.0'; I) and O.Oo, 180.0°, 180.0'; 11). The remaining five distinct "conformers" (C, point group) are characterized by the following dihedral angles: (18.6', 77.0°, 3.6'; 111), (-17.8', 158.1', 134 .0'; IV), (-15.3', -65.3', 132 .5'; V), (15.6', 82.9', 173.9'; VI), and (17.0', 88.3', 95.7'; VII). Thus, with the exceptions of the C, forms, all the calculated STO-3G structures present a pyramidal amide nitrogen atom, with a nonplanar amide bond. This wrong prediction of the peptide geometry can be ascribed to the small size of the basis set which, in turn, can also lead to the appearance of some artificial minima in the potential energy surface. Simple electronic or stereochemical considerations allow us to conclude that the C, "conformer" I1 and the last two STO-3G C1 forms (VI and VII) possess unfavorable interactions (C=O--S~,hiol) or NH-SH; see Figure 3 ). In fact, they are high energy forms that together should correspond to less than 1% of the total population, at 298 K.
Thus, we initiated the 3-21G calculations beginning with the optimized geometries of the four most stable STO-3G "conformers" (I, 111, IV, and V). Two of them (IV and V) converged to the same structure upon optimization at the 3-21G level, and this structure corresponds closely to the conformer B characterized by experimental (Table I) . Upon optimizing form I shown in Figure 3 , the resulting structure was the five-membered H-bonded ring structure known as C5, which had been proposed on the basis of FTIR studies? The remaining form (111) converged to a structure similar to the A conformer, which had also been characterized previously by experimental means.' Thus, the three conformational states found at this level of calculation correlate with the experimentally determined conformers.
The most stable conformer, obtained from optimization of STO-3G IV and V forms, is clearly a B-type conformer, with the nitrogen and the sulfur thiol atoms in close contact, though the C-C-N-C dihedral angle differs somewhat from the X-ray crystallographic values found for N-acylglycine dithio ester^.^-^ The remaining two conformers, the A-type and C5 forms, are 2.0 and 5.8 kJ mol-' higher in energy than the B conformer, respectively. As was found in the case of the most stable form, the C-C-N-C dihedral angle of the A conformer differs significantly from the N-acylglycine dithioesters X-ray derived values7 (see Table I ). In both forms (A and B) , the calculated C-C-N-C angle for N-formylglycine dithio acid differs from those found in crystalline dithio esters as the distance between the carbonyl oxygen atom and one of the methylene hydrogen atoms is reduced. Together with an increased electronic density between these atoms, The herein adopted nomenclature of isomers about the C-N (amide) bond differs from that frequenctly used by peptide chemists, the s-cis and s-trans forms corresponding, respectively, to those conformations peptide chemists usually refer to as trans and cis forms.
set was used to search the conformational space in order to find approximate geometries of the most relevant conformers. Molecular geometries were fully optimized by the force gradient method with analytical gradient:** the bond lengths within ==I pm, the bond angles within ~0 . 1~. In all calculations the maximum residual force on each internal coordinate was set up to 3 X IO4 hartree bohr-' or hartree radian-'.
Molecular graphics were generated from the 3-21G optimized geometries with the MOLECULAR EDITOR programz9 on an Apple Macintosh computer.
Results and Discussion
The existence of a large number of possible conformational states for the N-formylglycine dithio acid molecule is easily predicted on the basis of simple stereochemical principles, when the four internal axes of rotation of the molecule (O=C-N-C, C-N-C-C, N-C-C-S, and S=C-S-H) are taken into account. Internal rotation about C-N (amide) or C-S bonds leads to s-cis/s-trans isomerism (Figure 2 ), as these bonds have a considerable double bond character. On the other hand, although internal rotations about N-C, or C,-C bonds obviously lead to several conformers, it is not possible to characterize such forms a priori, in view of the different intramolecular interactions that are known to be operating within the NHCHICSz f r a g m e~~t .~-~ Thus, we performed initially a detailed examination of the molecular potential energy surface, by using the STO-3G basis set, to search for energy minima. While the results obtained at the STO-3G level gave rise to several anomalies due to the reduced (26) the change in the C-C-N-C angle points to the existence of an intramolecular hydrogen bond. involving the formation of a O== C--Y-C-H five-member ring. In the case of N-acylglycine dithio esters in the crystalline state, the carbonyl oxygen atom is hydrogen-bonded to the amide hydrogen atom of an adjacent m~lcculc.=~ thus preventing the formation of an intramolecular hydrogen bond and leading to a different, probably more relaxed, C-C-U-C angle. Despite the differences in the values of the C-C-Y-C dihedral angles, the general agreement between the calculated and X-ray geometries is quite good for both A and R forms (see Table I ).
In agreement with ~xperiment.~-~ the 3-21G calculations yield approximately planar amide linkages. The mesomerism associated with this molecular fragment is clearly evidenced by the relative values of the C(==O)--U and N-C bond lengths, the first being shorter by -9 pm. in both cases. The cdculated C-S bond lengths are longer than those determined experimentally. This ovcrestimation of C-S bond lengths by the 3-21G basis set was shown to be a general and correction factors of 0.98 and 0.95 for C=S and C-S distances, respectively, have been tentatively proposed'* to provide a better agreement with experimental values. By using these correction factors, the C-S distances (pm) in LV-formylglycine dithio acid become form B, C=S 162.6, C-S 171.0; form A, C=S 161.9, C-S 172.0: and form Cs, C-S 162.5, C-S 171.8. For both A and B forms, these corrected values strongly improve the agreement with X-ray results.
Large differences in the bond angles occur in the RC(=O)N group, where R is H as in the case of IV-formylglycine dithio acid compared to when R is one of the more complex groups found in all the previously studied dithio esters. In particular, for N-formylglycine dithio acid, the R-C-N angle is larger and the O----C-'% angle is smaller than the experimental values for dithio esters, while the R-C=O angle does not change appreciably. When R is a hydrogen atom, the R-*N steric repulsion is practically absent, and the R-C--Y angle is reduced: the change in this angle is compensated by an increase in the O=C--N angle. In fact, the third correlated angle (R-C=O = 360' -(R-C-U) -(O=C--U)) has a reduced sensitivity to substituent or conformational changes as has already been ~eIl-established.'~.~*
V I
The arrows indicate unfavorable electronic or stereochemical interactions
By comparing the structural changes associated with the A -R conversion, the following trends emerge: (i) The C=O bond becomes shorter, while the C(=O)--N bond is lengthened. These changes indicate a reduced electronic delocalization within the amide group in the R form and are associated with a lack of relative importance of the C(-O-)=N+ canonical form in this con former.
(ii) The C=S bond length increases, while the C-S bond decreases, thus pointing to an increased electronic delocali7ation in the dithioester group in the R form. This confirms earlier crystallographic findings that the C-S bond is slightly shorter in R conformer glycine dithio esters'.' and suggests that this linkage, which is the one cleaved during the hydrolysis of dithioacyl papains, is strengthened in R conformer acyl enzymes.
(iii) The geometry of the N-C-C=S fragment adjusts in a way to satisfy the steric requirements associated with the N e "S(thiol) contact, the C-N bond is lengthened, the N-C-C and C-C-S angles are opened and the C-C=S angle becomes smaller. These changes, taken with the changes in dihedral angles, lead to a N-S(thiol) distance of 289.8 pm, in the €3 form, in close agreement with the X-ray values found in crystalline N-acylglycine dithio esters (284.6-293.0 pm, see Table I ).
As it has been pointed out el~ewhere,~ the N-S nonbonded distance is approximately 45 pm shorter than the sum of the van der Waals radii (335 pm), a reduction possibly resulting from a bf"'S(thiol) attraction. The atoms S(lhio\), H(thiol), and N lie nearly in a straight line, with a N-S-H angle of I54.4', thus matching Rosenfield's et aL3* geometrical criterion for a nucleophilic nitrogen approaching an electrophilic sulfur. Hence, the ab initio calculations are in agreement with the proposed interpretation of the N"'S(thiol) interaction based on experimental
In addition, the results of Mulliken populational analysis indicate that this interaction involves predominantly the nitrogen 2p orbital approximately perpendicular to the amide linkage and the sulfur 3p orbital nearly parallel to that orbital. Essentially, this is an S-type interaction, which may also involve sulfur 3d orbitals as previously proposed.8 The 0 angle defined in ref 8-the angle between the N.-S direction and the normal to the amide plane (the normal being the direction of the amide lone pair)-is calculated to be =12O, thus being smaller than the corresponding values found in crystalline N-acylglycine dithio esters (=20° The occurrence of the above-mentioned C=O-H intramolecular interaction in the isolated molecule and its absence in crystalline dithio esters can, at least partially, account for this difference in the 0 values. The detailed molecular structure of a C5-like conformer is now presented for the first time, as none of the N-acylglycine dithio esters already studied was found to crystallize in this form. The structural changes associated with the A -C5 isomerization can be summarized as follows.
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(i) The molecular skeleton in the calculated C5 conformer is planar, the C-C-N-C axis being rotated by =90° from its position in the A form. This internal rotation allows the formation of a hydrogen bond between the NH and S(thiono) atoms in a fivemembered ring. These results confirm the conformational model proposed to interpret FTIR spectroscopic data of N-acylglycine dithio esters in CC14 s o l~t i o n .~
(ii) The C S bond increases, while the C-S bond keeps nearly equal to that found in the A form. These changes clearly indicate the release of electronic density from the S(thion0) atom to other regions of the molecule, and the best acceptor candidate is the NH group. In fact, results of Mulliken populational analysis confirm this, indicating a significant electronic density in the H 4 = C region of the C5 conformer.
(iii) The intramolecular NH-.S=C interaction is also reflected in the opening of the C-N-H angle as well as in the reduction in the N-C-C angle that bring the H and S(thiono) atoms to within about 255 pm (the sum of the van der Waals radii is 285 pm) and give rise to the formation of a hydrogen bond.
(iv) The C=O bond increases, while the C(=O)-N bond is reduced. In the present work, these bond lengths reach their maximum and minimum values, respectively, for this conformer, thus indicating that the electron delocalization within the amide moiety is optimized for this form. Another important and somewhat surprising result of our calculations is the finding that the N-8(thiono) interaction does not play any important role in the A conformer, in disagreement with suggestions of the work on N-acylglycine dithio esters.+7 However, the N.-S(thiono) interaction should be considerably weaker than the N--S(,hiol) contact. In fact, the calculated N-8(thiono) distance in N-formylglycine dithio acid (form A) is 305.8 pm, a value similar both to that calculated for the C5 conformer (304.2 pm) and to those found in dithio ester molecules7 but considerably larger than the N.-S(,hiol) distance in B-like conformers (=289 pm). The most relevant piece of data supporting the lack of the N--S(thiono) interaction in the A conformer is given by the absence of significant electronic density between these atoms. While the addition of d-polarization functions on both nitrogen and sulfur atoms might give rise to an increase of the electronic density in this region of the molecule, it is unlikely that their inclusion will change the qualitative conclusions.
In Table I1 we present the 3-21G calculated atomic charges and dipole moments for A, B, and C5 forms. It is well-known that the calculated charge distribution depends very much upon this basis set used in constructing the molecular wave function, even for basis sets of comparable quality. Moreover, the Mulliken population analysis has its intrinsic limitations resulting from the equipartioning of the overlap density between atoms. While our experience has demonstrated that the charges of sulfur atoms in a dithiocarbonyl group are not appropriately calculated in the absolute terms at this level of calculation,17 it has been shown that conformational changes predicted with use of the 3-21G basis set and Mulliken population analysis are significant and valuable for examining different kinds of intramolecular interactions.I5-l8 On the other hand, dipole moments are usually well-evaluated at this level of calculations, despite a well-known trend to overestimat i~n .~~-'~
In agreement with the experimental data on N-acylglycine dithio esters: the calculations reveal that the most polar form corresponds to the B conformer and the least polar form to the Cs form. Thus, in a polar solvent, the B form is stabilized with respect to the A form, and the MA+ increases. Considering this effect, the 3-21G calculated MA+ (2.0 kJ mol-') seems to be a good estimate of the actual energy difference between these conformers for the 'le = 1.6021892 X isolated molecule, since this value is slightly smaller than the range of energy (AH) difference found to various N-acylglycine dithio derivatives in CH,CN/H20 solutions (2.7-4.2 kJ mol-' 4). The main conclusions emerging from the comparison of atomic charges in different conformers are summarized below and reinforce the importance of both NH-S(th,ono) hydrogen bonding in the C5 form and the N-43(,h,ol) contact in the B form.
(i) The amide hydrogen atom in the C5 form acquires an increased positive charge, resulting from the involvement of this atom in the NH-S hydrogen bond. (ii) The N and S atoms are involved in di#giAt processes of electron sharing in the various conformers (mesomerism, nonbonded contacts, and hydrogen bonding). Thus, their charge cannot be taken as a single measure of a particular effect. However, the larger negative overall charge within the CSSH group in the B conformer clearly reflects the nitrogen-to-sulfur charge release due to the N-6(,,,,,) interaction.
(iii) The changes in the atomic charges within the C(=O)N fragment, going from the A to B form, relates to the greater importance of mesomerism in the A conformer, involving the C(-O-)=N+ canonical form. It should be pointed out that this increased delocalization in the A C(=O)N moiety can be considered as a factor contributing to the reduced importance of the N"'S(thiono) interaction in form A, as compared with the N~-S(,,,,, interaction in form B.
Conclusion
The calculations emphasize a remarkable similarity between molecular properties of N-formylglycine dithio acid and those of N-acylglycine dithio esters in the condensed phase. In particular, in molecules possessing a C(=0)NHCH2CSz fragment, the importance of the N--S(,hiol) contact in B forms was reinforced. The theoretical evidence for a C,-type conformer provides support for the existence of such a species which heretofore had been inferred on the base of FTIR data alone.
The results of the calculations establish a solid theoretical support for the previously proposed nature of the N-4+,hiol) interaction, clearly indicating an electronic charge release from the N to the S(thio1) atom in the B conformer, which perturbs the electron distribution in the peptide and dithio ester groups. This in turn demonstrates how the N-.S (,,) contact can act as a conduit which can transmit electronic effects from the peptide to the dithio ester group-and may provide part of the explanation for the differential rate constants of deacylation in para-substituted N-benzoylglycine dithioacyl papains.I2 An important point here is that the Ne-S contact appears to shorten and hence strengthen the C-S single bond-which is the bond which has to be broken in the deacylation step. The calculations are fully consonant with the crystallographic results that the C-S bond is slightly shorter in B conformers (N-acebylglycine,' N-benzoylgIycines,* 170.0-171.1 pm) than in A conformers (N-(p-nitrobenzoy1)glycine ethyl dithio ester,' 172.7 pm). The issue of the stabilization of the B conformer dithioacyl papain via the N-.S contact is taken up in ref 26 where it is used to account, at least in part, for kinetic factors in the deacylation step.
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